The present study compared the effectiveness of a mild calorie-restricted diet (D) alone, exercise (EX) alone and a combination of D+EX on weight loss-induced blood pressure (BP) reduction over 24 weeks. We focussed especially on the relationship between sympathetic nervous activity, as indicated from measures of plasma norepinephrine (NE), and insulin resistance (homeostasis model of insulin resistance, HOMA-IR). The three groups each comprised 30 obese, hypertensive men. Body mass index (BMI), fat mass, waist-to-hip ratio, BP, plasma NE and HOMA-IR were measured every 2 weeks during the first 4 weeks and subsequently every 4 weeks for the next 20 weeks. All basal parameters were similar among the three groups. At 24 weeks, the combination group with D+EX comprised a significantly higher prevalence of normotensive subjects than the D alone or EX alone group (Po0.05). In the D alone group, plasma NE was decreased significantly at 2 weeks, reductions in BMI, fat mass and BP were observed at 8 weeks, and waist-to-hip ratios and HOMA-IR were decreased at 12 weeks. In comparison, in the EX alone group, significant reductions of fat mass and HOMA-IR were observed at 4 weeks. Plasma NE and HOMA-IR were reduced at 8 weeks while decreases in BP were detected at 12 weeks. In the D+EX group, significant reductions in plasma NE were observed at 2 weeks followed by significant decreases in BMI, fat mass, waist-to-hip ratio, BP levels and HOMA-IR at 4 weeks. The magnitudes of reductions of all parameters were greatest in the D+EX group. These results demonstrate that D+EX exerts a stronger ameliorative effect on weight loss, weight loss-induced BP reduction, normalization of BP, sympathetic activation and insulin resistance compared with D or EX alone. D and EX might, perhaps, exert different mechanisms on weight loss and weight loss-induced BP reduction; however, a combination of caloric restriction and exercise is preferred to control BP levels in obese hypertensive patients.
INTRODUCTION
Obesity has become a global epidemic over the past few decades largely because of changes in dietary habits, food composition and reduced physical activity. Obesity-related cardiovascular disease development has become a major cause of morbidity and mortality worldwide. With the westernization of the developing world this problem will escalate further. It is widely recognized that insulin resistance or hyperinsulinemia and sympathetic nervous activation relates to obesity and hypertension, 1-5 and these are known to be independent risk factors for future cardiovascular events. [6] [7] [8] [9] Weight loss is an important preventative measure and is associated with a reduction in all-cause mortality. 10 Weight loss associated with lifestyle modifications such as diet and regular exercise are important and remain the first-line treatment for obesity and obesity-related hypertension. [11] [12] [13] [14] [15] Whelton et al. 16 reported in a meta-analysis of 54 randomized, controlled trials comprising 2419 participants that aerobic exercise was associated with a significant reduction in mean systolic and diastolic blood pressure (BP) in both overweight and normal-weight participants regardless of whether they were hypertensive or normotensive on admission to the investigation. A number of studies, including a series of the Dietary Approaches to Stop Hypertension (DASH) diet studies, [17] [18] [19] showed that not only the dietary pattern, but also aerobic exercise and calorie restriction were necessary for weight loss, weight loss-induced BP reduction and improvement of insulin sensitivity. Weight loss with life-style modifications can result in significantly better BP control among hypertensive patients with pharmacological treatments. 15, 20 Although both life-style modifications (that is, calorie-restricted diet and exercise) are recommended for weight loss, it has not been fully clarified which is more effective with regards to weight loss-induced BP reduction in obese hypertensive patients. Therefore, in the present study, we sought to clarify the differences in neurohormonal mechanisms in weight loss-induced BP reduction between mild caloric restrictive diet and exercise over a 24-week period. In addition, we observed which lifestyle modification was the more effective in normalizing BP in obese hypertensive patients.
METHODS Subjects
Subjects were recruited from a cohort of 1121 Japanese men who worked in a single company in Osaka, Japan. Recruitment occurred during one of their biannual medical evaluations. Their education and socio-economic status were very similar. Ninety overweight or obese (BMI425 kg m À2 ), grade I hypertensive (140/90pBPo160/100 mm Hg) Japanese men were enrolled in this study. The subjects were randomly divided into three groups, weight loss alone, exercise alone and weight loss and exercise. Subjects were free from other clinical conditions including diabetes (fasting blood glucose level o100 mg dl À1 and HBA 1c o6.0%), psychological or emotional problems, 21 or obstructive sleep apnea. 22 Although participants were hypertensive, no subjects were taking antihypertensive agents or any other medications. Only the subjects who had not changed their diet, exercise or body weight (45% provided in their biannual medical evaluation records) over the previous 6 months, including the run-in period of 1 month, were eligible for enrollment. 23, 24 Randomization was stratified according to basal BP and body mass index (BMI). Average age at the baseline period was 38 ± 5 years for the diet alone group, 37±6 years for exercise alone group and 38±5 years for the combination of diet and exercise group. All subjects had an average caloric intake between 2200 and 2600 kcal, with 8-12 g NaCl per day and no additional physical activity in the 4 weeks before enrollment (baseline), which were confirmed from their meal and exercise monitoring diaries. The protocol was approved by the Ethics Committee of Osaka University Graduate School of Medicine, Japan, and written informed consent was obtained from all the subjects.
Study design
The weight-loss programs comprised (i) a low-caloric (1760-1840 kcal (22-23 units) per day, 55% of calories from carbohydrate, 30% from protein and 15% from fat) and low-sodium diet (7 g NaCl per day), (ii) aerobic exercise of 41 h daily, for example, walking, jogging or gym exercise with original (2400 kcal per day) diet and (iii) combined mild calorie restricted diet as mentioned above and exercise. The subjects attended a 1-h private teaching and counseling session each week for four weeks, followed by biweekly 1 h sessions for 23 additional months. All sessions were led by experts in nutrition and exercise counseling. Calorie intake was calculated based on the subjects' meal diary and was controlled by a nutritionist. The physical activity was quantified and recorded by the use of step-counters, which were used on a daily basis. Diet and exercise compliance were monitored according to the subjects' own records every 2 weeks and were monitored at private counseling sessions. Compliance to diet and exercise was considered excellent and consistent based on those records. None of the participants withdrew from the study.
Measurements
Data including height, body weight, BMI, percentage total body fat mass, waist circumference, waist-to-hip ratio and urinalysis were determined in the morning after an overnight fast of 12 h. After 30 min rest in the supine position, BP, heart rate and venous blood sampling for measurements of blood glucose, plasma norepinephrine (NE), insulin and leptin were obtained. Samples were taken at baseline, every 2 weeks for the first 4 weeks, and every 4 weeks for the following 20 weeks. BP and heart rate were measured 43 times in the supine position by an automated sphygmomanometer (TM-2713, A&D, Tokyo, Japan) using an appropriately sized cuff based on arm circumference. Recorded BP and heart rates were averaged. The percentage body fat mass was determined by impedance measurements (BF-102, Tanita, Tokyo, Japan). Total body fat mass (kg) was calculated according to the following formula: (percentage body fat mass (%)/100) Â body weight (kg). The homeostasis model assessment of insulin resistance (HOMA-IR): fasting glucose (mg dl À1 ) Â fasting insulin (mU ml À1 )/405. 25 Plasma NE, insulin and leptin were measured as previously reported. 23 
Statistical analyses
Values are shown as mean ± s.d. All data analyses were performed using SPSS 8.0 for Windows (Chicago, IL, USA). Prevalence of hypertension was estimated using the w 2 test. Differences in the same group were examined by the paired t-test and among groups were examined using one-way ANOVA with the Holms-Sidak method for post hoc analysis. Multiple regression linear analyses were applied to evaluate the relationship between changes in BP from basal to 24 weeks as a dependent variable and changes in BMI, total body fat mass, plasma NE, HOMA-IR and leptin as independent variables. In addition, to evaluate the contributions of neurohormonal responses during the acute phase (4 weeks) and weight loss-induced BP reduction at 24 weeks, multiple regression analyses were examined using changes in BMI and BP from baseline to 24 weeks as dependent variables and changes in plasma NE, HOMA-IR and leptin from baseline to 4 weeks as independent variables. RESULTS Diet (calorie and salt intake) and exercise (steps per day assessed with pedometers) compliance were assessed from the subjects' own records every 2 weeks, which were recorded at private counseling sessions. Compliance to diet and exercise during the 6-month period was considered excellent based on examination of diaries, which were monitored by experts in exercise and nutrition. Depending on the groups allocated, there occurred a stable calorie and salt intake, and physical activity (steps per day); that is, no significant differences in calorie intake and salt intake between the diet (D) alone group and the group in combination of diet and exercise (D+EX), and no significant differences in physical activity and salt intake between the exercise (EX) alone group and the D+EX group.
All subjects were pre-hypertensive or grade I hypertensive (X140 or X90 mm Hg) at the baseline period but at 24 weeks the group with the combination of D+EX included the highest prevalence of normotensive subjects (o140 and o90 mm Hg) (D+EX group, n¼24; the D alone group, n¼14; the EX alone group, n¼9; w 2 ¼13.92, Po0.05) ( Table 1) . BP reduction over 24 weeks was significantly greater in the D+EX group compared with the D alone or EX alone groups (Po0.05), and the D alone group had a slightly greater reduction in systolic BP than the EX alone group.
At the baseline period, all parameters including BMI, total body fat mass, waist-to-hip ratio, BP, plasma NE, insulin and leptin levels were similar among the three study groups (Table 1) . At 24 weeks, BMI, total body fat mass and BP levels were significantly less in the combined D+EX group than in the D alone or EX alone groups. Additionally, at 24 weeks, total body fat mass and waist-to-hip ratio were significantly less in the EX alone group compared with those in the D alone group, although BMI in the D alone group was slightly lower than the EX alone group (Table 1) . Plasma NE and leptin levels in the group with combination D+EX at 24 weeks were less compared with those in the D alone or EX alone group, but HOMA-IR in the D+EX group and in the EX alone group was smaller than the D alone group. In the D alone group, plasma NE levels were smaller than the EX alone group throughout the weight-loss protocol, but HOMA-IR was greater in the D alone group than the EX alone group. Changes in plasma leptin were similar to changes in total body fat mass in all three groups (Table 2) .
There were significant different patterns of changes in plasma NE and HOMA-IR between the D alone and EX alone groups even though absolute weight loss or percent weight loss, especially during the first 12 weeks, were similar. Significant weight loss was recognized at 8 weeks in both groups and in both groups BMI decreased gradually during the 8-week period. In the D alone group, significant reduction in plasma NE was observed at 2 weeks before significant weight loss or BP reduction, and HOMA-IR reduction was only observed after significant weight loss. In the EX alone group, a significant reduction in HOMA-IR was noted at 4 weeks before significant weight loss and reductions in plasma NE were observed; significant weight loss was evident at 8 weeks. Therefore, one could speculate that a calorie restricted diet might lead to a normalization or suppression of the sympathetic overactivity associated with the BP reduction accompanying weight loss and lead to an amelioration of insulin resistance. On the other hand, the exercise only program might lead to reduction in total fat mass with amelioration of HOMA-IR at 4 weeks and then significant reduction in plasma NE at 8 weeks. The significant BP reduction occurred subsequently at 12 weeks ( Table 2) .
The magnitude of reductions in BMI, total body fat mass, BP, heart rate, level of plasma NE or leptin, and HOMA-IR over 24 weeks were greater in the group with combined D+EX compared with the groups with D alone or EX alone. Diet alone 98 ± 5 9 6 ± 5 9 4 ± 4*** 92 ± 4* 89 ± 5** , *** 86 ± 4** Exercise alone 98±6 9 7 ±6 9 4 ±5*** 90±6* , *** 89±5* , *** 86±6** , *** Diet+exercise 98 ± 5 9 1 ± 7 8 6 ± 7** 84 ± 5** 81 ± 7** 80 ± 6** Mean BP (mm Hg) Diet alone 117±5 1 1 5 ±5 1 1 3 ±4 1 1 1 ±5 1 0 8 ±5* , *** 104±5**
Exercise alone 117 ± 6 1 1 6 ± 6 1 1 4 ± 5 1 1 1 ± 6 1 0 9 ± 5* , *** 106 ± 6** , *** Diet+exercise 117±5 1 1 1 ±5 1 0 6 ±7* 103±5** 100±7** 99±6** Heart rate (b.p.m.) Regarding the order of reductions in all parameters, in the D alone group, plasma NE decreased significantly at 2 weeks followed by significant reduction in body weight, BP and leptin at 8 weeks. HOMA-IR and waist-to-hip ratios decreased significantly at 12 weeks. On the other hand, in the EX alone group, significant decreases in HOMA-IR, leptin and total body fat mass were observed initially at 4 weeks (before significant plasma NE reductions), and plasma NE at 8 weeks. BP reduction was evident at 12 weeks. In the combined D+EX group, significant reduction in plasma NE was observed at 2 weeks, and significant reductions in HOMA-IR, leptin, BMI, total body fat mass, waist-to-hip ratio and BP occurred at 4 weeks, earlier than the D alone or EX alone groups (Table 2) .
Diet alone
In multiple regression analyses, changes over 24 weeks in plasma NE (P¼0.042 for weight loss; P¼0.039 for BP reduction), changes in HOMA-IR (P¼0.043, P¼0.067, respectively) and changes in leptin (P¼0.038, P¼0.054) were significant determinants of weight loss (R 2 ¼0.3221, P¼0.047) and changes in mean BP (R 2 ¼0.2821, P¼0.053). Changes in plasma NE over the first 4 weeks (P¼0.040 for weight change; P¼0.032 for BP reduction), changes in HOMA-IR over 4 weeks (P¼0.048, P¼0.061) and changes in plasma leptin over 4 weeks (P¼0.046, P¼0.054) were significant determinants for changes in BMI over 24 weeks (R 2 ¼0.3889, P¼0.041) and BP reduction over 24 weeks (R 2 ¼0.3051, P¼0.049).
DISCUSSION
Weight loss is associated with substantial health benefits. In this investigation, we highlight that the mode of weight loss influences different physiological pathways, with calorie restriction initially targeting the sympathetic nervous system, whereas changes in insulin resistance precede effects on the sympathetic nervous system in subjects partaking in an exercise program. Indeed, the novel findings of this study are that in the D alone group, suppression of high plasma NE followed by reductions in HOMA-IR, weight loss and BP reduction was observed. This contrasted with the EX alone group, where reduction in HOMA-IR was observed initially followed by suppression of high plasma NE, weight loss and BP reduction. Additionally, in all subjects, not only the D alone group, changes in plasma NE and HOMA-IR in the acute period of weight loss (4 weeks) were significant determinants of changes in BMI over the 24-week period, suggesting that early reductions on sympathetic nervous activity and insulin resistance might be predictors of subsequent weight loss. On the other hand, only reductions on sympathetic nervous activity were related with BP reduction during weight-loss program. Importantly, the observation that no one withdrew from this study indicates that a mild calorie restricted diet plus light exercise (mainly walking 41 h per day) with frequent counseling 24 may be a beneficial clinical approach in achieving and maintaining long-term weight control.
Other major findings were that: (i) as previously demonstrated, the combination therapy of D and EX is associated with a more prevalent normalization of hypertension in obese hypertensive subjects compared with D or EX alone and (ii) greater and earlier suppression of sympathetic overactivity and reduction in HOMA-IR were noted in the combination group than in the group with D or EX alone. Owing to the higher success rate of normalization of BP, these findings Diet alone 9.56 ± 1.13 10.01 ± 1.12**** , ****** 10.10 ± 1.05**** , ****** 9.98 ± 1.13**** , ****** 10.15 ± 1.25**** , ****** 10.01 ± 1.30**** , ***** Diet alone 10.4 ± 2.5 8.9 ± 3.1 8.1 ± 2.7 7.8 ± 3.1* 7.5 ± 3.1* 6.6 ± 3.2** Exercise alone 10.5 ± 3.5 9.1 ± 3.0 7.9 ± 2.6* 7.4 ± 3.0* 7.0 ± 2.9* 6.1 ± 2.9** support the recommendation of the combination protocol for weight loss with mild caloric restriction and exercise rather than one of them for obesity hypertension. The problem of obesity is now recognized as a global epidemic. 26, 27 Importantly, hypertension and its associated co-morbidities are frequently associated with obese status. 28 Abdominal obesity and weight gain are documented as independent cardiovascular risk factors, due in part to their association with insulin resistance and sympathetic nervous activation. 29, 30 Weight-loss studies with lifestyle modifications involving a low-calorie diet and exercise [31] [32] [33] as well as bariatric surgery 34, 35 provide some evidence that intentional weight loss has long-term benefits on all cause mortality in overweight/obese adults. Therefore, weight loss is recommended as the first-line treatment for obesity. Giving some insight into the possible physiological pathways linking increased morbidity and mortality, elevated sympathetic nervous activity, [36] [37] [38] insulin resistance 31, 32 and stimulation of the renin-angiotensin-aldosterone system 39 are ameliorated after weight loss.
The sympathetic nervous system has an important role in the regulation of energy expenditure, and reduced energy expenditure and resting metabolic rate are predictive of weight gain. Acute fat load intravenously 39 and oral glucose ingestion 40, 41 significantly increased BP and activated the sympathetic nervous system in obese, but otherwise healthy, subjects. Considerable evidence derived from experiments documenting reduction in plasma NE, [42] [43] [44] [45] [46] urinary NE, whole-body NE spillover 47 and muscle sympathetic nerve activity indicates that calorie restricted diet-induced weight loss is sympatho-inhibitory. 48 Similarly, exercise interventions alone have been shown to lower whole-body NE spillover by 24% and renal NE spillover by 41% in healthy young men independent of changes in body weight. 49 Sodium intake is also known to influence sympathetic nervous activity 50 and BP levels, 51 however, in the present study, all groups were matched in sodium intake and were maintained on a mild sodium restricted diet.
A number of investigations [17] [18] [19] 52, 53 have demonstrated the importance of exercise on weight loss and weight loss-induced BP reduction, however, few studies have examined the longitudinal differences in the mechanisms of weight loss between D alone and D+EX. Our recent study in obese Caucasian individuals with the metabolic syndrome demonstrated that exercise over 12 weeks had additional effects on weight loss and BP reduction and were associated with suppression of plasma renin activity compared with calorie restriction alone, whereas suppression of muscle sympathetic nervous activity was similar. 54 In another study, comparing the effects of exercise and a calorie restricted diet on sympathetic nervous activity, the addition of moderateintensity aerobic exercise training to a weight-loss program did not confer additional benefits on resting sympathetic nervous activity as assessed from measures of whole-body NE spillover and muscle sympathetic nerve activity, although BP, baroreflex sensitivity and metabolic parameters improved significantly but similarly between the two study groups. 52 These studies demonstrated the importance of insulin resistance and the renin-angiotensin system for weight lossinduced BP reduction associated with aerobic exercise, however, these studies did not compare neurohormonal changes during the acute phase of weight loss. In the present study, at the early stage of weight loss, before significant weight loss at 8 weeks, suppression on plasma NE followed by a decrease in HOMA-IR and BP reduction was observed in the D alone group, whereas significant reduction in HOMA-IR followed by suppression on sympathetic nervous activity and BP reduction occurred in the EX alone group. Weight loss was similar between the D alone and EX alone groups. These findings indicate that the neurohormonal response to weight-loss programs differs between a calorie restricted diet and exercise. Sowers et al. 43 followed plasma epinephrine, NE and dopamine during an 8-week period of a low-caloric protein diet. Plasma NE and epinephrine declined during the first 2 weeks of caloric restriction before significant weight loss. Previously, we examined responses of plasma NE, HOMA-IR, body weight and BP levels to a very low-caloric diet (1000 kcal per day) over 14 days. 45 Although weight loss before 4 weeks was similar among the three study groups, the neurohormonal changes and BP reduction pattern were different. It should be noted that the diminution in plasma NE was observed before weight loss or BP reduction in the three study groups, and hence may be attributed to the effects of negative energy balance in all groups, suggesting that suppression of sympathetic activation by weight-loss programs, either caloric restriction or exercise, may have an important role in weight loss-induced BP reduction. In our previous study in obese Caucasian subjects with the metabolic syndrome, weight loss over 12 weeks with D+EX was associated with significantly greater decreases in total body fat mass, abdominal fat mass and waist-to-hip ratios than the D alone group, but reduction in plasma NE and NE spillover were greater in the D alone group compared with the combination group with D+EX. 52 The groups, including those in the EX program, had earlier and stronger improvements on HOMA-IR. 52 Taken together, a calorie restricted diet, but not aerobic exercise, is a prime mover in sympathetic nervous adaptation, and aerobic exercise may have a major role in the improvement of insulin resistance. A calorie restricted diet and exercise may exert different mechanisms on weight loss, weight lossinduced BP reduction and insulin resistance.
Interestingly, some investigators 55 reported that obese subjects without the metabolic syndrome had more pronounced benefits of weight loss-induced BP reduction than those with the metabolic syndrome. We previously observed blunted responses of plasma NE and insulin to oral glucose ingestion in subjects with insulin resistance, 40, 56 suggesting that exercise amelioration on insulin resistance may be an ancillary effect on weight loss-induced BP reduction. In addition, several investigators 57-59 compared the effects of BP and forearm vascular conductance measured using venous occlusion plethysmography between D and D+EX groups. Both groups experienced similar effects on weight loss and BP reductions, although the forearm vascular conductance responses (improved muscle vasodilation) during exercise and mental stress increased significantly and was normalized only in the D+EX group, thereby demonstrating that EX exerts additional effects and improves vascular dilation. These investigations highlight the importance of aerobic exercise in weight-loss programs in order to significantly reduce BP and improve insulin resistance.
CONCLUSIONS
Obesity is an independent risk factor for cardiovascular disease development. Weight loss is the first treatment in obesity and obesity-related hypertension, however, few studies have investigated the differences in mechanisms of D alone, EX alone and a combination of D+EX on weight loss-induced BP reduction. In the present study, we compared total body fat mass, waist-to-hip ratio, BP, plasma NE (as an index of sympathetic nervous activity), HOMA-IR (as an index of insulin resistance) and plasma leptin levels among three weight-loss protocols: low-caloric diet alone, exercise alone and a combination of low-caloric diet and exercise over 24 weeks in obese, hypertensive Japanese men. The weight-loss protocol with a combination of D+EX had the strongest ameliorative effect on weight loss, being especially effective on abdominal obesity, BP reduction, normalization of BP, sympathetic nervous activation and insulin resistance. A low-caloric diet and exercise operated via different mechanisms on weight loss-induced BP reduction; however, both protocols exerted favorable effects on sympathetic activation and insulin resistance.
In conclusion, a combination therapy for weight loss with a lowcaloric diet and exercise is recommended for weight-loss protocols owing to the higher prevalence of normalization of BP and stronger suppression of sympathetic activation and insulin resistance, both of which are known as risk factors for cardiovascular events. Different mechanisms may contribute to BP reduction associated with weight loss with the relevant physiological mechanism at play being dependent on the mode of weight loss. Suppression of sympathetic activation appears to be the prime mover in initiating the ameliorative effect on insulin resistance and BP reduction during a calorie restricted diet, whereas aerobic exercise initially influences insulin resistance independently of suppression of sympathetic activation. For clinical implications, a mild calorie-restricted diet plus light exercise, comprising walking 41 h per day for instance, with frequent counseling 24 may be beneficial as a clinical approach in achieving and maintaining longterm weight control and resultant BP normalization.
